Dating of extensive alluvial fan surfaces and fluvial features in the hyperarid core of the Atacama Desert, Chile, using cosmogenic nuclides provides unrivalled insights about the onset and variability of aridity. The predominantly hyperarid conditions help to preserve the traces of episodic climatic and/ or slow tectonic change. Utilizing single clast exposure dating with cosmogenic 10 Be and 21 Ne, we determine the termination of episodes of enhanced fluvial erosion and deposition occurring at ~19, ~14, ~9.5 Ma; large scale fluvial modification of the landscape had ceased by ~2-3 Ma. The presence of clasts that record pre-Miocene exposure ages (~28 Ma and ~34 Ma) require stagnant landscape development during the Oligocene. Our data implies an early onset of (hyper-) aridity in the core region of the Atacama Desert, interrupted by wetter but probably still arid periods. The apparent conflict with interpretation that favour a later onset of (hyper-) aridity can be reconciled when the climatic gradients within the Atacama Desert are considered.
The Atacama Desert of northern Chile is one of the driest places on Earth, with an extreme hyperarid core (Coastal Cordillera & Central Depression between 19° and 22°S), receiving less than 2 mm/yr modern precipitation 1, 2 . Subtropical atmospheric subsidence 3 , and the temperature inversion due to coastal upwelling of cold waters of the Peru-Chile Current 1 have led to hyperarid conditions. The Andes Mountains to the east (Fig. 1 ) cast a rainshadow over the Atacama Desert as moisture originating from the Atlantic becomes orographically elevated, causing precipitation on the eastern Andean flank and a relative absence westwards 4 . These effects, coupled with high evaporation rates in most areas of the Atacama Desert strengthen hyperarid conditions 4, 5 . While the main factors controlling hyperaridity in the Atacama Desert are established, the onset and permanence of hyperaridity remain a matter of debate [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The nearly stable position of the South American continent over the least 150 Ma 18 and the establishment of the Peru-Chile Current system at around 50 Ma 19 support the notion that predominantly arid conditions persisted since the early Miocene 9 or potentially earlier 18 . Secular changes of the global climate system during the Cenozoic 20 , led to punctuations of the prevailing arid climate in the Atacama Desert by pluvial phases e.g. 9, 10, 12, 21, 22 .
The absence of fluvial erosion means that long-term tectonic activity is a prominent control on landscape evolution in the hyperarid core of the Atacama Desert. Between 19°S and 21.4°S E-W reverse faults 23 play a major role in generating relief. The resulting scarps, commonly at the angle of repose (35-40°) and devoid of signs of fluvial incision, are up to 300 m high and have formed since at least the Mid-Miocene >15 Ma 24 . The slow vertical movement of these reverse faults (<20 m/Myr) has truncated fluvial channels and blocked drainage 24 . The Atacama Fault System (AFS), a system of primarily trench-parallel strike-slip faults in the area around the Río Loa (Salar Grande Segment) 23 is a subtler agent of surface modification, largely in the form of horizontal displacement (at unknown rates) and moderate (<50 m) vertical uplift along flower structures. The AFS was active throughout the Cenozoic 23, 25 ; the topographically subtle surface expressions of its trace are preserved throughout the hyperarid core of the Atacama Desert.
In the present study, we exploit the interplay between slow fault displacement and intermittent fluvial activity to delineate the timing of less-arid periods interrupting the long-term background hyperaridity. We use multiple 
Study Area
The study area is bound to the north by the Río Loa canyon and in the south by the extensions of the paleo catchment (Fig. 1 ). The main geomorphological features of the study area are, (i) the Atacama and the Adamito fault system (ii) an alluvial fan system east of the Atacama fault ( Fig. 2A) , with three distinct alluvial fans and feeder channels; and (iii) a system of paleo-channels lying to the west of the Atacama fault system ( Fig. 2A) . The Adamito fault system 30 (Fig. 1 ) bisects the study area. This fault is also named Aguirre Fault 31 , however in accordance with the initial description we will use the name Adamito fault. Prior its truncation by the Adamito fault system, the source area of the alluvial fans (i.e. drainage area above apex 32 ) encompassed the Cerro de la Mica (1817 m elevation) and surrounding areas up to 25 km further south (~560 km² -stippled white line Fig. 1 ), which is now part of an endorheic basin containing a clay pan (Figs 2A and 3D ). Based on modern elevation topography, we assume a flow direction from south to north. After the onset of uplift along the Adamito fault the fans' apex was at or north of the fault. Prior to fault movement the apex of the eastern-most fan might have been south of the fault; however, we found no indication for the latter.
The Adamito (Aguirre) fault system is the southernmost reverse fault system in the Coastal Cordillera 23 . It forms a steep scarp, partially modified by gravitational slumping (Fig. 3D ). The cumulative vertical offset created by the set of two faults (Adamito and Atacama) is up to 130 m; truncating the paleo-drainages. The three paleo-drainages are identified by the continuity of incised-channel forms, yet the paleo-thalwegs have an intermediate high-elevation position, referred to as the vertex, which now divide the incised channels into a south-draining and a north draining region.
The elevation of the dissected channels, measured at the highest present day water-divide, decreases from 1090 m for the easternmost channel ( Fig. 2B ,C) to 1000 m for the westernmost paleo-channel with a value of 1050 m for the middle channel ( Fig. 2B,C) . Assuming that the kinematics of fault movement did not change during the incision of the paleo-drainage, it follows that the ages of the paleo-drainage decrease moving from east to west.
The elongated N-S extending trench-parallel Atacama fault zone runs through the study site (Figs. 1, 2). The AFS extends north to the Salar Grande, where it causes vertical displacement of up to 50 m 23, 25, 33 . In conjunction with an inferred splay fault (sub-parallel secondary fault of the AFS) close to the Río Loa (Figs 2A and 3A) , the AFS creates a local topographic high, about 20-30 m higher than the alluvial fan surface to the east and up to 90 m higher than the west. No visible vertical offset could be observed at the Río Loa canyon walls, as hillslopes are largely covered by debris. The vertical offset is evident from incised fluvial channels in the uplifted block north of the Río Loa, ( Supplementary Fig. 5 ). Surface deposits obscure signs of recent horizontal displacement.
Results
Alluvial Fans. The alluvial fan system consists of three distinct alluvial fan surfaces ( Fig. 2A ). Their outline can be identified on satellite imagery (Google earth, Pleiades used here, Fig. 2 , and supplementary data set) and on the eastern-most fan indicative surface structures (sediment lobes in the direction of paleo-flow) are visible. Due to extensive gypsum soil cover the fan surfaces are less conspicuous on the ground, on first sight resembling any near-horizontal surface in the dry core of the Atacama. Feeder channels and lateral fan boundaries, however, are discernible on the ground. Identification and selection of sampling sites was always guided by satellite imagery.
The fan surfaces are dipping to the north, (0.9°-1.6°), with decreasing slopes from east to west (eastern fan 1.46°, central fan 1.3°, western fan 0.9°). The source area of the depositional surfaces can be related to the endorheic catchment to the south (Fig. 1 ). This assumption is based on the modern flow direction of the closed catchment and the direction of paleo-channels and feeder channel of alluvial fans north of the Adamito fault. Distal fan surfaces near the Río Loa canyon are buried by lacustrine sediments related to lake episodes in the Central Depression (diatom-rich sediments and evaporitic remnants of the Quillagua (Pliocene) and Soledad Fm (Plio-Pleistocene) 13, 34 ). Cross-cutting relationships of the fans are partially obscured by the lake deposits; however, the eastern-most margin of the central fan can be inferred as cutting into the eastern fan ( Fig. 2A black stippled lines and Fig. 6D supplementary data set). The maximum sediment thickness of alluvial and lacustrine strata is approximately 85 m, as exposed in outcrops along the Río Loa canyon. The lacustrine deposits occur exclusively east of the topographic high formed by the AFS (Fig. 2A) . The distal portions of the alluvial fans resemble an inverted landscape, whereby lateral fan boundaries commonly end abruptly and narrow, channel-like sediment lobes are several meters (up to 8 m) above their surroundings. The steep lateral fan boundaries are probably enhanced by differential erosion of (coarse) fan-sediment covered areas and areas that lack this cover. Areas adjacent to the flanks are commonly endorheic deflation hollows. Strong westerly anabatic winds, associated with the diurnal heating of the Altiplano to the East 35, 36 , are the likely cause of deflation of neighbouring -presumably (since they are now missing) finer grained sedimentary rocks.
The surfaces of the eastern and central fan are essentially flat, with long-wavelength (10-100 m scale) topography variations on the cm-scale. The surfaces are covered by gypsum-rich soils that typically comprise a 10-30 cm powdery, locally friable, layer chuca, senu Ericksen 37 , underlain by a moderately to firmly cemented sediment layer costra, senu Ericksen 37 . Due to the cementation of this layer its depth could not be determined in this study; usually it is 0.5 to 2 m thick 37 . The gypsum accumulations in the soils are due to atmospheric deposition of calcium sulphate 16, 38, 39 onto the alluvial fan surfaces. Following the 'born at the surface' model of Wells et al. 40 stones of a desert pavement remain at the surface on an accretionary mantle of soil-modified dust and are successively lifted from the bedrock/original sediment surface; this process has been confirmed as being operational in hyper-arid soils of the Atacama 38 Rock fragments are rare on the fan surfaces (on average less than 1 clast per 25 m 2 ) and consist predominantly of vein-quartz (>95%). Some clasts retain fluvial rounding, most have angular shapes, which derive from 'kernsprung' (insolation weathering). On the central and eastern fan, angular fragments commonly occur in clusters on the surface, due to 'kernsprung' of former larger clasts (vein quartz -polymineral quartz would already have disintegrated and eroded) and the limited amount of observed dispersion of these fragments (mostly <2 m) indicates surface stability and limited diffusive transport. Advective fluvial transport would have dispersed the clasts further and destroy clusters. Sharp edges of quartz clasts that were destroyed by 'kernsprung' limit aeolian modification/erosion to less than 1 mm. We found no evidence of windkanter-like modification of quartz clasts (ventifacts), which is probably due to the dominance of gypsum surface materials in the study area and the rarity of quartz in the size fractions transported by wind (i.e. sand and smaller).
Vein-quartz is a trace constituent of the rocks in the feeder (paleo-) catchment (Jurassic granitoids and Devonian/Carboniferous metasediments 30 ). As such the vein-quartz constitute a lag deposit, with fine-grained and/or polymineralic rocks removed by physical erosion (salt-weathering, abrasion) and chemical weathering 41 . The study area experiences regular sea fog 42 which has probably enhanced chemical weathering. Modern analogues for the channels that would have shed sediments onto the paleo-fans exist as 10-15 m wide active channels, presently draining towards the clay pan adjacent to the Adamito fault ( Fig. 2A ). In these channels, granitoid and metasediment clasts dominate; vein quartz clasts, equivalent to those found on the fan surface, constitute less than <1% of clasts found in the large channels. The feeder channel of the central fan is well preserved and deeply (~12 m) incised into older fan-deposits. Several faint feeder channels are visible near the fault scarp ( Fig. 2A white lines).
Paleo channel System. A paleo channel system with one main channel (~16 km length) lies to the west of
the alluvial fans and one lateral tributary (~11 km length) to the east. (Figs 2A and 3C ). The formation of the eastern tributary channel coincides with the topography along the Atacama fault zone and its irregular morphology is affected by fault activity and slumping. Both paleo-channels were deflected north of the Adamito fault from a north to northwest direction by a topographic high, presumably developed by the interaction of the AFS and an adjacent splay fault. To the west of the Atacama fault zone, both channels have smooth V-shaped cross-sections, which are occasionally modified by gravitational mass-movement on their steep slopes. In the central section, (ca. 5 km north of the Adamito fault and south of the confluence of the central and tributary channel) fluvial modification of channel hillslopes is limited to isolated patches with rill-erosion. The dominant hill-slope process is The two paleo-channels incise 40-60 m into the surrounding gypsum-soil covered flats, with the incised depth increasing downstream. There is no indication of any sedimentation by the paleo-channels onto the adjacent flats, prior to their incision. The paleo-channels run straight for most of their course, though some portions have noticeable sinuosity. For the first 1.5 km just north of the Adamito fault zone the main paleo-channel has a sinuosity of ~1.3; a short segment (600 m) in the lower reaches of the tributary channel has a sinuosity of ~1.15 ( Fig. 2A ). Portions of the main channel, particularly on the western side of the channel, are covered by up to 1 m thick pure pristine tephra (i.e. without xenolithic/extraneous lithic fragments) with a thin surficial coating (<5 mm) of friable gypsum crust.
Zircon U/Pb dating. Single zircon tephra ages (n = 62) derived by U/Pb dating range from 438 to 0.86 Ma (see Supplementary Table 3 ). U/Pb zircon ages reflect different degrees of contamination by zircons derived from pre-eruption country-rock and reworking. The youngest cluster of zircons within 2σ represents the eruption age. The age spectrum is dominated by zircon ages around 1 Ma. The oldest group, less numerous, represents xenocrystic grains which could result from assimilation of local bedrock material during magma ascent or eruption (zircon U/Pb ages older than 20 Ma). Taking the cluster of youngest zircon ages as indication for the eruption ages, is based on the assumption that young zircons are unlikely to have experienced significant Pb loss, which would result in anomalously young ages 43 . Based on published eruption data from volcanic complexes within the Atacama Desert, the zircon ages of the tephra can be linked to the latest eruption of the Purico Complex, with an eruption age of 0.98 ± 0.03 Ma (2σ) (Ar/Ar-dating on biotite 44 ) or the Tatio ignimbrite 0.703 ± 0.010 Ma (2σ) (Ar/Ar-dating on sanidine 45 ). Both belong to the Altiplano Puna Volcanic Complex 46 . Due to a potential pre-eruptive crystallization history, and the early crystallization duration of zircons 46 , a direct assignment to one of those eruptions is not possible. The pre-eruptive evolution of the Purica centre lasted 290 ka 46 . The purity of the sampled ash, i.e. the absence of extraneous lithic fragments, precludes fluvial reworking since its deposition in the paleo-channel. This implies that the paleo-channel has not carried surface run off since at latest 0.7-1 Ma. Cosmogenic exposure ages. 21 Ne exposure ages. Cosmogenic 21 Ne concentrations have been measured in 53 samples from 9 sample sites ( Fig. 2A , Supplementary data Table 1 ). Exposure ages ( 21 Ne) range from ~2 Ma to up to ~34 Ma (Fig. 4 ). The majority of ages (>80%) are younger than 15 Ma and the fan surfaces yield no age younger than 3 Ma. In the following three or more ages with overlapping uncertainty envelopes are used to delineate a group of ages.
On aggregate, the ages of the three samples from the eastern fan system (RL15-006 & 7; RL14-01) have one negatively skewed group of ages between ~16.5-19.5 Ma and one symmetrical group of ages between ~13-14.5 Ma (9 of 18 ages; Fig. 4A , Supplementary data Table 1 ), a third group around ~7.5-8 Ma (3 of 18 ages), and individual ages at ~4.7, ~6, ~11, ~28, and ~34 Ma. Individual, old, clasts (>20 Ma) occur in two of the three samples (RL14-01, RL15-007). The highest exposure age (~34 Ma) is amongst the oldest reported for the Atacama Desert 9,10,24 .
In total the ages of the three samples from the central fan system (RL15-005; RL14-02 and 3) have a main negatively skewed group of ages between ~14 and 8 Ma (9 of 18 ages; Fig. 4B , Supplementary data Table 1 ). Additional groups occur between 19-25 Ma (5 ages), two ages at ~6 Ma, and individual ages at ~5 Ma and ~3 Ma.
The six ages of the westernmost fan surface (RL14-04) range between ~10.5 and ~3 Ma, with a group of three ages around ~5.5-6.5 Ma (Fig. 4C ).
The samples from the surface that was isolated by the incision of the two branches of the paleo-channel system in the west (RL15-001), range between Early to Late Miocene (Fig. 4D) , with individual ages at ~22, ~17.5 (n = 2), ~14, and ~9 Ma (n = 2). The samples taken from the incised paleo-channel (RL13-001) show similar ages at ~8 Ma (n = 2), and the youngest being ~2 Ma (n = 2). Cosmogenic 10 Be exposure ages. Concentrations of in situ produced cosmogenic 10 Be were determined for six quartz clasts (Supplementary data Table 2 ), four from the easternmost (RL14-001) and two from the central fan system (RL14-02). The 21 Ne ages of the RL14-001 clasts range between ~14-18 Ma, those of the RL14-02 clasts between ~8-10 Ma. Within typical measuring precision of several percent, cosmogenic 10 Be concentrations reach saturation (secular equilibrium) after around two to three half-lives ( 10 Be 1.36 ± 0.07 Ma 47 ), when the rate of 10 Be lost via radioactive decay and the rate of cosmogenic 10 Be production become similar. In such cases, the 10 Be concentration becomes time invariant and no further information can be obtained from the sample, other than it has been exposed for the minimum time required to reach saturation 48 . All but one sample are at, or near, saturation with respect to 10 Be, indicating a continuous exposure at the surface over at least the last 4 Ma, approximately. One sample (RL14-02 clast e) yields a 10 Be exposure age of 1.8 ± 0.2 Ma. The saturated (or near-saturation) samples correspond to high 21 22, 62 , earliest archaeological sites 60 , stable isotope studies 96 , sedimentological studies 12, 21, 97 , exposure ages and erosion rates determined with cosmogenic nuclides [7] [8] [9] [10] 24, 28, 49, 50, 61, 97, 98 . The stippled yellow outline for Miocene relict surfaces is derived from studies yielding Miocene exposure ages (M) for sediment surfaces 9, 10, 24, 28 and sedimentological studies 21 . Studies yielding Pliocene ages for the onset of aridity are marked with P. Study site is marked with a black rectangle and drainage catchment in black. (B) Global deep-sea oxygen isotope stack based on data from Zachos, et al. 20 . Vertical blue bars indicate a qualitative representation of ice volume in each hemisphere relative to the LGM, dashed parts indicate episodes of minimal ice cover (<50%), full bars represent close to maximum ice coverage (>50% of present) from Zachos, et al. 20 . Major global tectonic and climatic periods/events are marked. Terminations of periods of landscape modification, in the case of fan and drainage abandonment (this study), and onset of channel incision (this study, dashed grey line) are marked with black bars. The duration of these wetter periods are derived by combing our data with the regional chronostratigraphy 28 and paleo-environmental reconstructions 21, 28 . Black bars indicate reference records from Atacama Desert, which reveal the end of wetter conditions at certain times and places. Reconstructed pluvial phases and hiatuses are marked in grey and black-white dashed lines, respectively 21 . Arancibia, et al. 94 reconstructed a rapid decrease in the frequency of supergene oxidation ages from 14 Ma onwards, with a final cessation at about 9 Ma (dashed orange bars). Alpers and Brimhall 93 and Sillitoe and McKee 14 dated the end of supergene enrichment at ~14 Ma. End of supergene oxidation is interpreted to reflect the transition from semi-arid towards hyperarid conditions 99 . Wet phases reconstructed for the Andean fore-slope, due east of our study area, are from Jordan, et al. 21 . Regional episodes of deposition and surface stabilization in the Atacama Desert are from Evenstar, et al. 28 . The proposed onset of hyperaridity based on sedimentary deposits within the Calama basin by Hartley and Chong 12 is marked in orange. TCN exposure ages from the northern Coastal Cordillera, indicating the end of wetter episodes (black) and onset of hyperaridity (orange) are from Dunai, et al. 9 .
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Accurate deposition ages require that the accumulation of cosmogenic nuclides during erosion and transport prior to deposition are negligible, or can be determined, and the effect of post-depositional erosion/exhumation can be identified. Significant pre-exposure leads to erroneously old deposition ages, whereas post-depositional erosion/exhumation lowers the age of deposition 48 . Multiple single clast ages from a depositional surface can be used to test these effects 51 . Tight groups of ages are expected if the clasts were previously unexposed material with short transport times relative to deposition time. Erosion of low-angle surfaces will result in the dispersal to younger ages, as the resulting lag-deposits contain material exhumed from various depths of shielding. In the absence of pre-exposure, the highest ages obtained on such a surface are the best estimate for the minimum deposition age.
Pre-exposure, however, can be significant, particularly in (hyper-) arid environments that are mosaics of ancient surfaces. In the core of the Atacama Desert, Early-to Mid-Miocene surfaces are widespread and even traces of older, Oligocene surface material have been reported 9, 10, 21, 24, 28 .
In this setting there are three main scenarios during which pre-exposure occurs: (i) accumulation of cosmogenic nuclides during exhumation of material in the source region, (ii) during protracted sediment transport; and (iii), a supply of sediment from a formerly stable, older sedimentary surface. Scenario (iii) would require clasts to be deposited on the fan surfaces with a significant and similar pre-exposure signal, which is unlikely given the stochastic nature of erosion and transport processes that tend to add variable amounts of inheritance to the age-signal 52, 53 . Clustered, non-random, pre-exposure signals would be possible only where clast source areas were old, stable surfaces. Proximity of such a hypothetical old source (similar to the recent (hyper)-arid core of the Atacama Desert) surface to the sedimentary deposit to be dated is required to prevent dilution (beyond recognition) of the clustered pre-exposure signal, by 'normal' randomly pre-exposed material.
We observe differing modes of pre-exposure in our data set: the common random pre-exposure and likely traces of clustered pre-exposure. Several ages of the eastern fan deposits (samples RL15-007, RL14-01) show signs of significant pre-exposure, with two individual ages ~7 and ~15 Myr older than the next oldest age in the main age group (~19 Ma, Fig. 4A ). These pre-exposure signals signify that at the time of deposition of the eastern alluvial fan, remnants of an Early Miocene/Oligocene landscape existed in the source area south of the Adamito fault system. The minimum deposition age of the eastern fan system is the oldest age in the main group, ~19 Ma. The ages <19 Ma reflect post depositional modification of the fan surface. The youngest 21 Ne age of ~5 Ma and the saturated 10 Be samples (Supplementary data Table 2 ) indicate that significant surface modification on this fan ended prior to ~5 Ma.
Several samples from the central fan system also contain pre-exposure age signals. The central fan-system is stratigraphically younger than the eastern system -it cuts the eastern fan near the Río Loa ( Fig. 2A ) -but yields five ages older than the main group of the eastern fan (Fig. 4A,B ). The upper (older) age limit of the main age group of the central fan is ~14 Ma. The five older ages show signs of clustering, three are overlapping ages around ~19-21.5 Ma, and two at ~25 and ~26 Ma. Since the feeder channel of the central fan system incised into the substrate of the older eastern fan, it is evident that this substrate must have been eroded and transported to the surface of central fan .The initial incision of the feeder channel, possibly laterally less well defined at its onset, is a possible source of the clasts carrying the Early-to Mid-Miocene ages. We cannot rule out that the pre-exposed clast came from the catchment south of the Adamito fault system; however, this is unlikely given the requirement for a proximal source to preserve clustered pre-exposure. Younger ages reflect post depositional modification of the fan surface. The youngest 21 Ne age,~3 Ma and the 10 Be age of ~1.8 Ma indicate that surface modification on this fan continued into the Quaternary.
The ages of the western fan do not cluster and potential pre-exposure cannot be resolved. However, since the maximum age is ~10.5 Ma, a sediment contribution from Early-to Mid-Miocene surfaces can be excluded in this case (Fig. 4C ).
Chronology of erosion, deposition, tectonic displacement and incision.
From the geochronological constraints and the observed field relationships we reconstruct a history of erosion, deposition, tectonic displacement, and incision. From the exposure ages obtained for alluvial fan surfaces, it is striking that one in six clasts analysed (7 of 43) have an Early Miocene or older age exposure age, with a conspicuous group (n = 5) of ages bracketing the Oligocene/Miocene boundary (Fig. 4) . It is likely that the source area of the sediments contained areas that had been stable since the Oligocene/Miocene transition. The interfluve preserved between the branches of the paleo-valley (sampling site RL15-001, Fig. 3C ) may be an analogue of these past source regions, since it preserves ages up to the earliest Miocene.
The oldest ages, ~28 and ~34 Ma, indicate that the denudation of the source regions prior to the deposition of the fans (i.e. prior to Early Miocene) was insufficient to remove all surface material of a pre-existing landscape. These old clasts had been at or close to the surface for 9 to 15 Myr, or longer if intermittent burial is assumed. Possible source areas could not have been much higher (the summit of the Cerro de Mica is 800 m higher, Fig. 1 ), thus surface exposure cannot be reduced by much by postulating periods of early exposure at higher altitudes. We conclude that the time-integrated denudation in the source region was low throughout the Oligocene.
Deposition of the easternmost fan north of the Adamito fault terminated in the Early Miocene (~19 Ma), based on the oldest ages of the main group from the eastern fan (Figs 4A and 5A) . The absence of any visible feeder channel on the main alluvial fan surface may indicate that this fan system became inactive due to a slow backfilling, rather than by tectonic truncation. Remnants of a former feeder channel are just visible at the Adamito fault scarp, as a small incised channel ( Fig. 2A , white line trending only across the Adamito fault). Subsequent deposition switched to the central fan, which terminated during the late Mid Miocene (~14 Ma), based on the oldest 21 Ne ages for the central fan ( Figs 4B and 5B) . The central fan has a well-developed feeder channel, indicating that the truncation of the drainage rather occurred due to tectonic uplift along the Adamito fault, which had SCIEntIFIC RepoRts | (2018) 8:13952 | DOI:10.1038/s41598-018-32339-9 commenced by this time and had outpaced fluvial incision. Lastly, sediments of the western fan were deposited during the Late Miocene (~10.5-9.0 Ma), from the age range defined by the oldest clast on the fan and the onset of incision of the paleo-channels to the west (Figs 4C and 5C) . A likely candidate for the feeder channel of the western fan is the eastern channel of the deeply incised paleo-channel system straddling the Atacama fault zone ( Fig. 2A ). This possibility, however, could not be substantiated in the field, due to extensive surface cover by dust Chuca 37 . Fan deposition to the north of the Adamito fault terminated with the incision of the large paleo-channels straddling west of the AFS, during the Late Miocene (≤~9.0 Ma), indicated by the youngest age on interfluve and oldest age of clasts the in channel ( Figs 4D and 5C ).
Lake sediments deposited on alluvial fan surfaces constrain a minimum age for the deposition of the alluvial fans to be earlier than 5.54/5.36 Ma 13 ). Based on our field observations, sediments of the Quillagua and Soledad Formation lie on top of the distal portions of the alluvial fans. The first appearance of a closed basin within the Quillagua basin occurred around 8.8 Ma (Hilaricos Unit 13 ). Thus, the course of a proto-Río Loa through the Coastal Cordillera was blocked at or prior to 8.8 Ma. Fluvial sediments of a 'Proto-Río Loa' system are visible on both sides of the AFS (Fig. 4 supplementary data set) . Likely causes for the shift from an exohereic drainage system to a closed, endorheic, system in the Quillagua basis are the relative uplift of the Coastal Cordillera with respect to the Central Depression and/or a blocking due to the activity and interaction of the AFS and NW-SE occurring splay faults (Fig. 5C,D) .
The youngest ages from clasts in the paleo-channel (~2-3 Ma) and the age of the volcanic ash in the channel (0.7-1 Ma) constrain the minimum age for the last fluvial transport in the channel (Fig. 5D ). The fact that the main paleo-channel terminates as a hanging valley at the Río Loa canyon, incised into unconsolidated clastic sediments (Fig. 3C) , indicates that the incision of the paleo-channel terminated prior to the incision of the Río Loa (Fig. 5E ) in the Middle/Upper-Pleistocene (post MIS 10) 54, 55 .
Sedimentation in the basin, south of the Adamito Fault, commenced at the latest after the termination of fluvial incision and transport in the paleo-channels (see previous paragraph). Since incision of the paleo-channel could have also been driven by spilling of an (ephemeral) paleolake at the position of the present-day clay pan, lacustrine sedimentation south of the Adamito fault may have commenced at any time after ~9 Ma (Fig. 5D ). Recent drilling of the clay pan in the course of the CRC 1211 (http://sfb1211.uni-koeln.de/) revealed that at least 50 m of sediment was deposited in the pan since tectonic truncation of the paleo-channel. Cumulative tectonic displacement since ≤9 Ma on the adjacent section of the Adamito fault is at least 150 m, translating into a long-term average rate of vertical tectonic displacement of at least 15 m/Myr. Similar to soil studies by Wang, et al. 38 , major surface modification on the alluvial fans ceased around ~5 Ma, coincident with a major drying of the Atacama Desert. The youngest ages obtained from the fan surfaces ( 21 Ne ~3 Ma, n = 3; 10 Be ~2 Ma n = 1) Fig. 4 ), indicate that significant fluvial surface modification in the study area terminated around 2-3 Ma. Thereafter, fluvial processes were unable to excavate pebbles from previously shielded positions.
The displacement of the drainage from east to west and the relative chronology is supported by the crosscutting relationship of the central and eastern fans ( Fig. 2A) , and the decreasing altitude of the wind gaps (i.e. the highest elevation of the fossil drainage channels) from east to west (Fig. 2B,C) . Differential uplift along the Adamito fault, tilted the surface to the west and drove the direction of channel diversion (Fig. 2C) . The uplift along the Adamito fault, in conjunction with insufficient discharge to allow fluvial incision to keep pace with fault uplift caused progressive abandonment of the fans and subsequent abandonment of the paleo-channel. To address whether temporary, discontinuous uplift or temporal fluctuations in the water availability provided the timing for the diversions and abandonment, and to make statements on the paleoclimate of the study area, we compare our chronology to other records from the region.
A recent compilation of the regional chronostratigraphy of sediments in the Longitudinal Valley in northern Chile, due east of our study area ( Fig. 1) identifies regional, abrupt terminations of sedimentary deposition at ~23 Ma, ~19 Ma, ~13 Ma, ~11 Ma, ~7 Ma, and ~3 Ma 28 . These correspond to the timing of aggradational and degradational surfaces in the Coastal Cordillera and the Andean foreslope 21, 28 . Hiatuses in the sedimentary record of the Longitudinal Valley are predominantly climate-induced due to intensification of (hyper-) aridity 28 . We note a good agreement with our ages for inferred surface stabilization in the source area at ~23 Ma (the O/M boundary) and terminations of fan deposition at ~19 Ma and ~14 Ma, as well as the termination of fluvial surface modification at ~2-3 Ma. The Late Miocene incision of the paleo-channel (≤9 Ma), is equivalent to the deposition of sedimentary unit 5 of Evenstar, et al. 28 . We note that discontinuous tectonic movement is not required to explain the timing of hydrological re-arrangement in our study area. However, it remains a possibility. In the following we treat the chronological constraints derived for our study area as synchronous to the regional chronostratigraphy 28 , and thus synchronous with changes in the regional climate.
Paleoclimate of the Coastal Cordillera near the dry core of the Atacama. The study area is unique in its position, located in the Coastal Cordillera near the core region of the Atacama (in terms of dryness), with a present-day annual rain precipitation well below 2 mm 1 . The climate-sensitive changes of erosion, deposition, and drainage re-arrangement provide a glimpse into the past climatic conditions. Most climatic reconstructions of the Atacama Desert rely on records that owe their existence to rainfall on the Andean foothills, the Precordillera, or even the Altiplano e.g., 12, 13, 17, 21, 22, 28, [56] [57] [58] [59] [60] or are located in areas south of 23°S that sometimes receive appreciable, Winter-rainfall e.g., [61] [62] [63] [64] [65] [66] . Currently, the Andean foothills of the Atacama receives 10-100 times more precipitation than the region of this study in the Coastal Cordillera 1 . Thus, while the timing of changes in the regional climate are probably synchronous throughout most of the Atacama Desert (see above), the local expression of climatic conditions and surface processes were most likely different, subject to sometimes steep climatic gradients. The oldest clasts found in our study (~28 and ~34 Ma) are age-equivalent to the Azapa formation of the Longitudinal Valley 28 . Similarly, high ages have been reported for fluvial clasts in the Coastal Cordillera at ~19.5°S (~27 and ~37 Ma 9 ). Earlier we have argued that their long surface exposure during transit points to low erosion rates in their source region in the Coastal Cordillera during the Oligocene. During the same period, up to 500 meters of Azapa sediments were deposited in the Longitudinal Valley 67 in response to Andean uplift and aided by orographic rainfall 28 . Thus, while the Oligocene climate in the proto-Andes was sufficiently wet to allow a significant denudational response to steepening and hillslope gradients, denudation and sediment transport in the Coastal Cordillera appears to have been much more subdued, despite significant local relief of ≤800 m. It is difficult to accurately constrain the climatic conditions that leave pebbles in a fluvial system in transit at or near to the surface for at least 9-15 Myr, though it is likely arid rather than semi-arid, since the latter is prone to accelerated erosion 68 . Aridification at the Oligocene/Miocene boundary, presumably to hyper-arid conditions, brought erosion and deposition in both areas to a temporary standstill 9, 28 . This hiatus in sedimentation led to the long-term preservation of the regionally occurring Tarapaca Paleosurface 28, 69 , which was formed by erosion of the Coastal Cordillera, the emerging Andes and sedimentation in the Coastal Cordillera to form an Oligocene low-relief surface 28 . Our results and a previous study 9 indicate that, at least in some areas of the Costal Cordillera significant deposition and erosion terminated as early as the Oligocene/Eocene boundary.
The volume of sediment preserved in the alluvial fans investigated is small (~0.3 km 3 ; estimated 60 km 2 surface area, ~5 m thickness) considering the size of their catchment (~560 km 2 ). A time-integrated (from 23 Ma to ~9.5 Myr) catchment-wide average of as little as ~55-60 cm erosion could explain the amount of sediment deposited. Although we cannot quantify the amount of material eroded from the catchment upstream that has not become part of the fan deposit, it appears that average erosion rates throughout the Early and Mid-Miocene could have been well below 1 m/Myr. Again it is difficult to define the climatic conditions; however, a persistent semi-arid climate as has been suggested previously 23 is probably out of the question. A possible scenario is that arid phases (fan deposition) interrupted a predominantly hyper-arid climate in this portion of the Coastal Cordillera in the Early-to Mid-Miocene.
Onset of (hyper-) aridity. Whether the onset of (hyper-) aridity in the Atacama Desert is relatively recent Pliocene e.g., 12, 13, 18, 61, 70 or ancient Miocene or earlier e.g., 9, 10, 14, 21, 28, 57 is subject of ongoing debate (Fig. 6 ). The differences in interpretations are largely related to the regional distribution of the evidence and on the sensitivity of the proxies used 71 (Fig. 6 ). Figure 6 displays a compilation of studies that have estimated the onset of hyper-aridity in the Atacama Desert. The map (Fig. 6 ) reveals locations of studies in the Atacama Desert and illustrate how they relate to recent precipitation patterns 1 . The additional graph displays age constrains for the onset of hyper-aridity of selected studies, compared to global climate reconstruction based on deep-sea oxygen isotope stack on data from Zachos, et al. 20 .
Recent studies, e.g. 21, 28, 72 (Fig. 6 ) demonstrate that the relative regional climatic gradients in the Miocene were not unlike those of today 1, 73 . As is found presently, the aridity in the Miocene became more extreme towards the dry core of the Atacama (Coastal Cordillera & Central Depression between 19° and 22°S) from the North 28, 72 , and from the East 21 (Fig. 6 ). The Andes control the distribution of available moisture on their western flank through a combination of orographic precipitation and deflection of atmospheric circulation in the Summer-rainfall-dominated areas of the Andean foothills 1, 4, 21, 72 . Moisture sources of the Summer-rainfall-dominated areas are located east of the Andes 1, 4, 21, 72, 73 .
Winter-rainfall sourced in the Pacific Ocean dominates south of the dry core ( Fig. 6) 1, 73 . This area has experienced a dynamic geomorphological response to Quaternary climate change e.g., 8, 74 . The position of the Winter-rain-dominated region may have shifted up to 2 degrees northwards during stadials in the Quaternary 75 . In the Summer-rain-dominated areas, ephermal and perennial rivers with headwaters in the Pre-Cordillera or Altiplano, and areas above 2000 m, also respond readily to Quaternary climate change e.g., 15, 22, 56, 60 .
The evidence for a recent (Pliocene) onset of aridity e.g., 12, 13, 18, 50, 61, 70 is sourced from the same regions that are demonstrably sensitive to Quaternary climate changes (Fig. 6 ). The Summer-rain dominated areas, below 2000 m, reveal the evidence for an early (Miocene or older) onset. North of 22°S, below 2000 m, surfaces of Miocene age (Fig. 6 ) are regionally widespread 9, 21, 24, 28 , while they constitute rare relicts south of 22°S 6, 76 .
The aridity in the Winter-rain-dominated areas of the Atacama is sensitive to long-term secular changes in the sea-surface temperature of the Pacific 71 ; and also to the ENSO phenomenon increased rainfall during El Niño-like conditions 73 , as evidenced by the El Niño-induced extreme rain event in 2015 77 . The strengthening of the Humboldt Current since the Late Miocene and particularly during the Pliocene/Pleistocene transition 71 (Fig. 6 ) is a likely cause for the late (Plio-/Pleistocene) aridification observed in the Winter-rain region 50, 61, 76 . Indicators for past aridity, such as material from preserved stable surfaces, are absent in the Winter-rain-dominated areas because of higher rates of erosion 8, 50, 61, 76 , though under favourable conditions relicts remain 6 .
The aridity in the Summer-rain-dominated areas is due to large-scale tropospheric subsidence 3 and the rain shadow-effect of the Andes 1 , both of which have existed over the long-term. Due to the distant moisture source 78 , changes in the Summer-rain-dominated areas are less sensitive to changes in the offshore SE Pacific, but governed by global changes in temperature; which are commonly, but not necessarily, synchronous 20, 79 . Long-term El Niño-like conditions postulated for the Pliocene 79 that had profound effects in the Winter-rain region 8, 50, 61, 76 , caused only subtle changes in the core of the Atacama e.g. 24 , this study.
A hyper-arid Atacama Desert core with preserved Miocene surfaces is outlined in Fig. 6 by yellow stippled line. This region is within the present day 2 mm/yr isohyet 1, 4 , but would have been smaller due to the northward migration of the winter-rainfall area during glacials 75, 80 . Surfaces are generally covered by gypsum soils (Chuca and Costra, sensu Ericksen 37 ) and lack signs of recent run-off erosion. Fluvial channels are often dissected by fault activity 24, 31 and in some cases we observed in the field that their bottoms are filled with gypsum dust and/or (un-reworked) volcanic ash. The region studied here is near the southern fringe of the dry core of the Atacama (Fig. 6 ). The preservation of Miocene surfaces north of the Adamito fault demonstrate that significant fluvial landscape modification was absent. The headwaters of the paleo-catchments (source area) that supplied the gravels of the fossil alluvial fans north of the Adamito faults are outside the core. Indeed, modern analogues of the channels carrying the gravels show signs of sub-recent fluvial activity in the catchment of the closed basin; the channels are free of the otherwise ubiquitous dust while sediment bars and channels are mostly sharp-edged. The >50 m thick fluvial and lacustrine sediments (cored in October & November 2017) in the clay pan abutting the Adamito fault, are a testament to the continued sedimentation that occurred after the channel and fan abandonment we observe. Without the drainage modifications brought about by faulting, the sedimentary surfaces investigated here could well have been buried. The Early-to Mid-Miocene ages obtained from the fan surfaces indicate that a background of (hyper-) arid conditions (Fig. 6) , supported the preservation of sediment surfaces that were shed during intermittent wetter periods 21, 28 . The presence of clasts with Oligocene exposure ages (Fig. 6 ) on the early Miocene fans, indicate that at the time of fan deposition remnants of older (older by ≥9-15 Myr) surfaces existed; indicating that a (hyper-) arid climate might have prevailed already during the Oligocene in this part of the Atacama Desert. Considering the position of our study area on the southern fringe of the dry core, it is likely that the core areas further to the North also had a background (hyper-) aridity since the early Oligocene; similarly, old clasts are found near ~19.5°S 9 , Fig. 6 .
Oligocene (hyper-) aridity in the core of the Atacama Desert coincides with the global cooling in the Oligocene 20 (Fig. 6) . Global warming at the end of the Oligocene that reversed at the Miocene/Oligocene boundary 20 appears to coincide with the main phase of deposition and the termination of the regionally important Azapa sediments, respectively 28 . Wetter periods throughout the Miocene and Pliocene largely coincide with globally warmer periods (Fig. 6 ).
Conclusions
The core region of the Atacama, here defined as areas in the Coastal Cordillera and the Central Depression between 19°S and 22°S below 2000 m, was predominantly (hyper-) arid throughout the Miocene, possibly even through much of the Oligocene. The (hyper-) aridity was repeatedly interrupted by slightly wetter phases that were synchronous with the climate-induced changes recorded on the Andean foothills 21, 28 . Truncation of drainage systems by moderately active faults in conjunction with the prevailing (hyper-) aridity, was instrumental in preserving the sedimentary surfaces. The ancient (Mio-/Oligocene) onset of (hyper-) arid conditions inferred for the study area (and for the core region to the north of it), contradict the evidence that indicates a Pliocene age for the onset. Considering present day climatic gradients and their causes, and how they have evolved in the past, it is consistent that areas in the Winter-rain-dominated regions south of 22°S or above ~2000 m respond strongly to short-term climatic change whereas the core areas of the Atacama are mostly stagnant. Statements on the aridity of the Atacama and its variability are specific to the areas/catchments investigated and generalizing statements on paleoclimate encompassing the entire geographic entity called ' Atacama Desert' that are based on point observations are best avoided.
Methods
We used geological field observations and a high resolution Digital Elevation Model (DEM) of the study area, based on Pléiades 1B data (s. supplementary), and Aster GDEM data to delineate the drainage catchment (closed basin) and calculate slope maps. Optical satellite imagery (Pléiades 1B Multispectral Image) was additionally used to identify geomorphological landscape features, such as alluvial fan extensions and channels. One volcanic ash layer was dated utilizing U/Pb dating of zircons at the University of Frankfurt. The chronology of the alluvial fan development and the incision of the paleo-drainage is reconstructed using cosmogenic nuclide exposure dating. The sampling strategy and calculation of exposure ages are outlined in the following. Zircon U/Pb isotope analysis was conducted with LA-ICP-MS, for methodological details see Frei and Gerdes 81 . Further details and details pertaining to the DEM-generation and U/Pb dating are provided in the supplementary data set.
Cosmogenic exposure ages were determined for quartz clasts sampled from inactive alluvial fan surfaces during field expeditions in 2013, 2014, and 2015. Quartz clasts were sampled from flat fan surfaces (RL14-01-04, RL15-006, and RL15-007) and from a feeder channel (RL15-005) ( Fig. 2A ). Furthermore, quartz clasts from a surface isolated by the incision of the paleo-channel were sampled (RL15-001), as well as pebbles in the western paleo channel (RL13-001). The sampling sites on the central and eastern alluvial fans (RL14-01-04, RL15-007) and the isolated surface (RL15-001) are essentially flat, at each location quartz clasts were collected from an area of about 0.5 ha. On the western fan, which had minor relief due to shallow channel incision (see above), the samples were taken exclusively on dispersed interfluves (RL15-006). Pebbles from the feeder channel (RL15-005) and the paleo-channel (RL13-001) were sampled on local highs (former sand bars) in the centre of the channel, remote from material shed from the channel's hill-slopes.
The majority of the sampled quartz clasts have a reddish-brown desert varnish. They often retain rounded shapes from fluvial transport, occasionally modified by fragments spallation. In instances of 'kernsprung' , indicated by a localized cluster (usually <2 m diameter) of quartz fragments, only one fragment per cluster was sampled and no other samples collected within a 5 m radius. Dimensions of sampled clasts range between 2-5 cm. The abundance of quartz, of the required clast size (>2 cm), on the surfaces is very low, commonly less than one clast per 25 m 2 . Accordingly attempts at retrieving quartz from the subsurface were not successful. Furthermore, cemented costra 37 in the shallow subsurface, rendered depth profile sampling 48, 82 impossible. Instead, to identify and correct for possible pre-exposure and exhumation, we utilize the multiple-clast approach 83,84 , using 5-7 samples per sampling site.
The individual quartz clasts were crushed, sieved to retain the 250-710 µm grain size; then etched several times in a dilute HF-HNO 3 mixture 85 . Splits of the etched material were used for 10 Be and 21 Ne analysis. 10 Be sample preparation and measurement followed single stacked column approach detailed in 86 . 10 Be/ 9 Be ratios were measured on CologneAMS 87 , normalized to the ICN standard dilution series values reported by Nishiizumi, et al. 47 . 21 Ne analyses were performed at SUERC following the procedures outlined in 88 .
Exposure ages were calculated using the LSD scaling scheme of Lifton, et al. 89 as implemented in version 3 of 'the online calculators formerly known as the CRONUS-Earth online calculators' https://hess.ess.washington. edu/math/v3/v3_age_in.html described in 90 ; see also supplement. At the latitude and altitude of the study area, exposure ages calculated with the LSD scaling are 22% lower than those calculated with Stone (based on 'Lal magnetic') scaling 89 . We assume a time integrated linear uplift 40 m/Ma 9,91 ; since 20 Ma, and report uplift-corrected ages accordingly (see supplement).
